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THE COMPARATIVE PERFORMANCE OF SUPERCHARGERS

By Oscar W. ScEEY

SUMMARY

This report presents a comparison of superchargers on
the basis of the power required to compress the air at a
definite rate, and on the basis of the net engine power
developed at altitudes from 0 to 40,000 feet. The inves-
tigation, which was conducted at the Langley Memorial
Aeronautical Laboratory, included geared centrifugal, tur-
bine-driven cenirifugal, Roots, and vane-type super-
chargers. It also includes a brief discussion of the
mechan:cal limitations of each supercharger and explains
how the method of control affects the power requirements.

The results of this investigation show that for critical
altitudes below 20,000 feet there is a maximum difference
of about 6 per cent beiween the amounts of nel engine
power dereloped by the various types of superchargers
when ideal methods of conirol are employed, but for critical
altitudes above 20,000 feet an engine derelops considerably
more power when equipped with a turbocenirifugal super-
charger than with any other type. The Roots type gires
the lowest net engine power of all af high critical altitudes,
because it has the least efficient type of compression.

The throttling method of control used on the geared-
centrifugal type of supercharger is very unsatisfactory at
low altitudes from a net engine power standpoint when
compared with the method used on the Roots or turbo-
centrifugal.

INTRODUCTION

The practice of supercharging has mcreased mate-
rielly during the last few years. Superchargers now
have the following uses: On automobile engines to
supply air at pressures higher than atmospheric; on
aircraft engines to compensate for diminution of
atmospheric pressure at altitude as well as to boost the
pressure slightly during take-off and during flight at
low altitudes; on Diesel engines to supply the air for
both combustion and seavenging.

The varied uses of superchargers have led to the
development of several new types and to extensive
improvements on the existing conventionsal types. In
order to select the supercharger best fitted for a
particular condition of service, a knowledge of the
performance characteristics and the mechanical limi-
tations of each type is essential.

During the last few years considerable flight and
laboratory test data concerning the performance of
the different types of superchargers have been collected.
These data have not been, heretofore, reduced to a
comparative basis.
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The only well-known information available concern-
ing the comparative performance of superchargers was
published by the National Advisory Committee for

i Aerongutics. (References 1 and 2.) Reference 1 in-
| cludes & theoretical analysis of the performance of
i supercharged engines, and Reference 2 includes the re-
_ sults of tests that were conducted to determine the
comparative climb and high-speed performance ob-
tained by the alternate use of a turbosuperchargerand a
Root supercharger for supercharging a Liberty engine
that was installed in a modified DH—4 airplane. These
! tests showed that the climb performance obtained with
the turbosupercharger was slightly better than that
obtained with the Roots and that the high-speed per-
formance obtained with the turbosupercharger was de-
cidedly better than that obiained with the Roots. The
difference in high-speed performance increased grad-
ually with the altitude of operation, reaching a maxi-
mum of 20 m. p. h. at 20,000 feet. _
The object of the present investigation is to compare
the performance of the different types of superchargers
to submit information that will permit the selection of
the type of supercharger best fitted for & particular con-
dition of service. The date were analyzed by the staff
of the National Advisory Committee for Aeronautics.

GENERAL DESCRIPTION OF SUPERCHARGERS

For the supercharging of sircraft and automobile
engines three types of superchargers have been used:
The Roots, the vane, and the centrifugal. A sketeh
of each of these three types of superchargers is shown
in Figure 1.

The Roots type consists essentially of two symmet-
rical rotating elements inclosed within & casing. The
casing is usually made of an aluminum alloy ribbed for
strength and cooling. The rotating elements or impel-
lers have cycloidal contours except for the tip which

at the hub. The impellers are made from steel or a
light alloy, the light metal being in more general use
for aircraft-engine superchargers. The impellers are
rotated in opposite direction by gears. They do not
contact with each other nor the casing; the clearances,
however, are reduced to a minimum in order to reduce
the amount of air that slips back. 'This type of super-
charger is driven directly by the engine and has been
operated at speeds up to 7,000 r. p. m.

forms the are of a circle and for a narrow flat portion
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The principle of operation of the Roots type super-
charger is as follows:

Low-pressure air enters at A and is trapped by each
rotor in turn in the space B between the rotor and the
casing. The instant the tip C of the rotor passes the
corner D, the high-pressure air on the discharge side
rushes back and compresses the low-pressure air in
space B. Further rotation of the rotor for about 180°
is against the discharge pressure. There are four dis-
charge pulsations for each revolution or two for each
of the two impellers. .

The centrifugal supercharger consists of a rotating
impeller inclosed within & casing. In .well-designed
superchargers both the impeller and the casing are pro-
vided with vanes to guide the entering and the dis-
charge air. Alloys of aluminum and magnesium have
been successfully employed for the construction of the
casing and the impeller. In large capacity super-
chargers air is taken in at both sides and near the center
of the impeller so as to eliminate the thrust on the

REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

about the center, B, the vanes, C, move out against
the casing under the action of springs and centrifugal
force, or by mechanical means. If tiie vanes aro
moved by mechanical means, as has been found most
satisfactory, they usually operate with u slight clear-
ance rather than in contact with the casing.

The air enters the supercharger at D, and as the
vanes revolve the air is trapped between two suceessive
vanes. As this air moves toward the discharge side
the volume betweent the vanes is decreased and thus
the air is compressed. The high-pressuwre air is dis-
charged through the opening E. This type of super-
charger is driven directly by the engine.

METHOD

One_of the most important characteristics of an

-gireraft-engine supercharger is the power required to

compress air at a given rate for the desired range of
altitudes; in other words, the percentage of cngine
power required by the supercharger to maintain sea-

CENTRIFUGAL

FIGURE 1.—Representative types of superchargers

bearings. In small superchargers, however, the air is
taken in at one side of the impeller only.

The blades, A, are designed so as to receive the air
without shock and to give maximum stiffness to the
impeller. The rapid rotation of the impeller causes the
air to have a high velocity at the impeller exit due to the
action of centrifugal force. The high velocity air is
discharged into diffuser vanes, B, which are so designed
that the velocity head is efficiently changed to a pres-
sure head. _ . _

This type of supercharger may be driven directly by
the engine through gears of sufficient ratio to give the
high rotative speeds necessary for this. type of super-
charger, or it may be driven by an exhaust-gas turbine.
When driven by a turbine, the exhaust gases from the
engine are collected in a nozzle box from which they
pass through nozzles to the turbine wheel, which is
coupled directly to the supercharger.

The vane type of supercharger consists of a series of
vanes mounted on a drum which is eccentrically located
within a cylindrical casing. As the drum, A, rotates

level pressure at the carburetor. In this investigation
a rate of flow of 1 pound of air per second was assumed,
the air required by a well-designed engine of 492 horse-
power. The theoretical power required to compress
air flowing at this rate from atmospheric pressure Lo
290.92 inches of Hg was computfed for altitudes from
0 to 40,000 feet. These power réquirements were com-
puted for a series of compressiorn exponents from 1 to 2.

When determining the power required for the com-
pression of 1 pound of air per second for the range of
altitudes and the pressure conditions mentioned above,
the equation hp=CP; V; log, r was used for the iso-
thermal condition, and the equation

~1
hp=,07£iP1 Vl(r'nT—I) for the polytropic condi-

tion. In these equations:

P, =the intake or atmospheric pressure,

V,=the volume of intake air displaced per second,
r=the compression ratio,

(=2 constant depending on the units used, and
n=1he compression exponent.
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The theoretical power required by a Roots supercharger
to compress 1 pound of air per second was also com-
puted for the range of altitude, pressure, and com-
pression conditions mentioned above, using the
equation

hp =01 171 (Pg“Pl).

In this equation P, is the discharge pressure.

The effect of the compression exponent » on the
discharge air temperatures was also determined for
the range of altitudes, and for the pressure and com-
pression conditions used in the power computations.
The discharge air temperatures for polytropic com-
pression were determined from the thermodynamic
relation

(P _
Py g 1'
in which

Ty=the intake air temperature, degrees Fahrenheit
abs.,

T.=the discharge air temperature, degrees Fahren-
heit abs.

The pressures and temperatures for a standard atmos-
phere given in N. A. C. A. Technical Report No. 216
{Reference 3) were used in these computations.

The net engine power developed with each type of

supercharger was computed for critical altitudes from

"0 to 40,000 feet; the critical altitude is the maximum
altitude to whick sea-level pressure can be maintained
at the carburetor. The unsupercharged engine power
and the meximura developed engine power were also
determined for the same range of altifudes. These
computations were based on a hypothetical engine of
good design develuping 100 brake horsepower at sea
level.

The determination of the power output of the un-
supercharged engine | 'for the range of altitudes investi-
gated necessitated certain computations. The sea-lavel
power was corrected according to the temperatures and
pressures existing in & standard atmosphere. The
assumption was made that the engine speed was con-
stant and that the engine power varied according to the
formula

] 1.15 —05
hp altitude =hp sea level (79 92) (518)

The relation was arrived at by Diehl (Reference 4) after
an analysis of a large amount of experimental data.
Additional information verifying the temperature rela-
tion has since been obtained by the National Advisory
Committee for Aeronsautics and by the Bureau of
Standards.

In the computing of the maximum brake horse-
power developed by the supercharged engine, the
assumptions were: The carburetor temperature at all
altitudes was 59° F., the carburetor pressure was 29.92
inches of Hg, the engine speed was constant. The test
data submitted in N. A. C. A. Technical Report No.

355 and the computations on discharge air tempera-
tures submitted in this report indicate that, having a
well-designed supercharger, one can use a cooler of
sufficient capacity to maintain sea-level temperature
at the carburetor. The engine speed could be main-
tained constant by the use of a variable-pitch or a
variable-diameter propeller. The effect of reduced
exhaust pressures on the power developed by an engine
of 100 brake horsepower at sea level was computed for
altitudes from 0 to 40,000 feet. These computations
were based on the results of tests recently conducted by
the Bureau of Standards on a Curtiss D-12 engine,
in which it was found that there was an increase of 2.56
horsepower for 1 inch of mercury reduction in exhaust
back pressure. Further discussion of the tests made by
the Bureau of Standards and of other tests on the effect
of exhaust back pressure on engine power will follow
later in the report.

The power required by the supercharger was sub-
tracted from the total power developed by the engine
to obtain the net engine power in the case of the super-
chargers of the Roots, the geared centrifugal and the
vane types. Before this value of supercharger power
was used in the computations it was corrected for the
increased volumetric efficiency of the engine operating
with atmospheric pressure at the exhaust. This cor-
rection was based on the results of tests recently con-

ducted by the Bureau of Standards.

The power developed by an engine equipped with a
turbosupercharger was obtained by assuming that for
any altitude the exhaust pressure was equal to the
carburetor pressure, which was 29.92 inches of mer-
cury. This assumptionissupported by a large amount
of experimental data. Assuminga constant carburetor
air temperature of 59° F. and a constant engine speed,
the engine equipped with a turbosupercharger has the
same power at all altitudes up to the eriticel altitude.

Practical information regerding the respective merits
of each type of supercharger was obtained by studying
the various methods of controlling the quantity of air
supplied at different altitudes. By controlling is
meant the manner in which the supercharger capacity
is varied so that the supercharger will supply carbu-
retor air at a pressure of 29.92 inches of mercury with-
in the range of altitudes for which it was designed.

The percentage of the engine power required by a
Roots type of supercharger was obtained for four
different capacities from values given in N. A. C. A.
Technical Reports Nos. 284 and 327. (References 5
and 6.) The percentage of the theoretical engine
power required by a Roots type of supercharger of 70
per cent over-sll efficiency was also computed for com-
perison with the experimental values.

The values of the power absorbed in throttling, the
method used on a geared-centrifugal supercharger,
were obfained by computing the power required by
superchargers having critical altitudes of the following
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heights: 5,000, 10,000, 15,000, 20,000, 25,000, and
30,000 feet. .In arriving at these values it was assumed
that the pressure on the supercharger side of the throt-
tle valve was equal to the atmospheric pressure at the
critical altitude for which the supercharger was de-
signed, that the throttled air was compressed from this
pressure to 29.92 inches of mercury, and that the air
was compressed by the polytropic process at a com-
pression exponent of 1.6. These superchargers were
assumed to have an over-all efficiency of 70 per cent
and to be of sufficient size to supply air at a pressure
of 29.92]inches of mercury up to the critical altitude for
an_engine developing 100 horsepower at sea level.
The net engine power developed at altitudes from 0
to 40,000 feet with each of these geared-centrifugal
superchargers was also determined. In these compu-
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tures below the critical altitude were co.rected for the
large increase in temperature caused by the compres-
sion of the throttled air and for the reduction due to
drop in temperature as it passes through the cooler.
Above._the critical altitude the supercharger discharge
air temperatures were corrected for the temperature
drop through the cooler in order to arrive at the car-
buretor air temperatures. For the conditions with
the Roots and geared-centrifugal superchargers, the
engine and supercharger power were corrected for the
increased volumetric efficiency at altitude.

_RESULTS AND DISCUSSION OF RESULTS

The results of the computations on the theoretical
power required to compress 1 pound of air per second
from atmospheric pressure to 29.92 inches of mercury

© Compression axponent-< :l; N 8 'lg fgr':_ lﬂﬂ?i
’ L~ —
/ //// ///// f
5 /, /,/A A A rPolytrogic LA ) —
A 1 [Consiontpreseatp |
Y ViA%7 5 -
A/, ; 7 -
.28 // 7// o .
: ) N
S 7
So4 > P -
g v )%=
J
P ]
Roo
3 v
} ’ '
/6 v -k .
: % -
G s //
// v 11 SRR S
8 /4 b
al/
l/ [ M
0 16 20 30 40 60 60 70 &0 90 700 10 120 130 140 150 180 170
rsepower

F10URE 2.—Power required to compress 1 pound of alr per second from atmospherie pressure to 29.92 inches of mercury at standard altitudes from 0 to
40,000 feet by a supercharger operating on a constant pressure card and one operating on polytropie card

lations it was assumed that the ratio of the atmos-
pheric pressure to the carburetor pressure remained
constant, above the critical altitude. This assumption
is not strictly correct, but the error introduced is small.

Additional computations were made on the net
engine power developed, at altitudes from 0 to 40,000
feet, with 20,000-foot superchargers of each type. In
these computations the effect of the method of control
used on each type was considered. It was assumed:
for the purpose of these computations, that the cooler
used was of sufficient capacity to maintain a carburetor

air temperature of 59° F. to ihe critical altitude for

|

for altitudes from 0 to 40,000 feet for both a com-
pressor operating on the polytropic process and one
operating on a constant pressure process are presented
in Table I. For the polytropic process, the ideal
power was computed for a series of compression ex-
ponents from 1 to 2. Table IT presents results of
computations on the discharge air temperatures with
these . compression exponents, assuming standard
atmospheric temperatures at the beginning of com-
pression. These discharge air temperatures would be
the same as the carburefor asir temperatures if no
cooling were provided between the supercharger outlet,

the condition with the Roots and the turbocentrifugal | and the carburetor.

superchargers. For the conditions with the geared-

l

The curves in Figure 2 were obtained by plotting tho

centrifugal superchargers, the carburetor air tempera- | information presented in Table I. If an over-all effi-
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ciency of 70 per cent is assumed for each of the two !

An analysis of the flight test data obtained with the

types of compressors, then the power required to com- | turbosupercharger and with the Roots type of super-
press 1 pound of air per second is greater for the Roots ] charger shows that these two superchargers heat the
type of supercharger by 3.49, 16.96, 47.35, and 111.32 | discharge air to a condition corresponding to that with
horsepower ai altitudes of 10,000, 20,000, 30,000, and | a compression exponent of 1.6. (Reference2.) If this
10,000 feet, respectively, than it is for a supercharger ! compression exponent could be reduced to 1.235, for an
which operates with polytropic compression of expo- t engine consuming 1 pound of air per second, gains in
nent 1.6. In the study of these theoretical power | engine power of 16.6, 33.8, 53.4, and 79.9 horsepower
curves remember that sea-level pressures are main- ; would be effected at altitudes of 10,000, 20,000, 30,000,
tained at the carburetor for a large range of altitudes | and 40,000 feet, respectively. These figures are based
but that few supercharger installations maintain sea- | on the temperatures given in Table II and on the
level pressure at the carburetor for altitudes above | assumption that the engine power varies inversely as

20,000 feet. | the square root of the absolute temperature. The
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Fiaure 3.—Efect of compression exponent on dischsrge afr temperatures when campressing alr of standard temperatare and pressare from atmospheric
pressure to 20.92 Inches of mercury at 0 to 40,000 feet, using a series of compression exponents from 1 to 2, mclusive

The curves in Figure 3 were obteined by plotting the | saving in supercharger power effected by the reduction
information presented in Teble IT. A supercharger op- | of the compression exponent from 1.6 to 1.235 would
erating in a standard atmosphere and having a com-~ | be small compared to the gain in engine power due to
pression exponent of 1.235 gives a constant discharge | the lower carburetor air temperatures; these gains for
air temperature up to the stratosphere (about 85,300 | a supercharger of 70 per cent over-all efficiency amount
feet). Besides reducing the power required to com- | to .94, 4.14, 9.86, and 19.71 horsepower af altitudes
press the air, as shown in Figure 2, a supercharger | of 10,000, 20,000, 30,000, and 40,000 feet, respectively.

having & low compression exponent gives lower dis-

The design of & supercharger that would operate with

charge air temperatures, as shown in Figure 8. This | a compression exponent as low as 1.235 and that would
reduction in supercharger discharge air temperatures | compress the large volume of air consumed by an air-
increases the engine power, because a greater weight of | craft engine would be difficult, if not impossible, be-
charge can be inducted, and it also permits the use of | cause no satisfactory means for removing the heat of
a smaller cooler. compression could be provided. An sair eooler would,
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therefore, be necessary in order to obtain a constant air
temperature. The use of a small cooler would be
possible if a supercharger of high efficiency were chosen,
because low discharge air temperatures would then be
obtained.

The power developed at standard altitudes from 0
to 40,000 feet by an engine developing 100 horsepower
at sea level is shown by the curves in Figure 4. The
total engine power supercharged is the maximum
power developed by the engine with atmospheric
pressure at the exhaust and 29.92 inches of mercury at
the carburetor. When an exhaust turbosupercharger
is used, the net engine power is the total engine power
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v

net engine power of all at high critical altitudes, as
would be espected from the fact that it has the least
efficient method of compression.

Oneshould remember that these curves represent the
results that would be obtained if a sefies of super-
chargers of each type were used, in which each super-
charger of the series was designed for one particular
altitude. In practice it is necessary (o consider, in-
stead, the single supercharger that is best fitted for a
range of altitudes. As this range of altitudes is in-
creased, each supercharger will be affected; the size
of the effect will depend principally on the method of
control used.

- Net engine

Net engine power with
geared centrifugal or - — power with _
varie type superdvar‘ger:\ . ’,--fur‘bo— - -
0 ; ¢ supercharger
\EEEEEEEEN \ LT T T T 1]
36 prthsuper charged A \ o o 90 s
\ Net engine of Hg,pressure of
\ power with the carburefor ax/-
32 Roofs super— \ l aofmospheric pres -~ b
charger; \\ \ I swre of the exhatjz
~ 28 \ \ I ]
-
S \\ l T
S 24] N \ | ]
p W] 1
220 A
3 N VL
ks N
S N ML I
g \ L ]
% A W/
/2 BN
N W ||
\\
& \\ - -
) NEENY N
N
ag /g 20 30 40 50 60 70 80 890 o0 MO 120 130 |40 150
Brahe horsepower

F10URE 4.—Power developed by an unsupercharged and a supercharged engine of 100 horsepower at sea level

supercharged less the. reduction in power due to in-
creased exhaust back pressue. When a geared-
centrifugal, & vane, or a Roots type of supercharger is
used, the net engine power is the total engine power
developed less the power required to drive the super-
charger. The engine power unsupercharged is the
power developed by the normal engine with standard
atmospherio temperatures and pressures at the intake
and exhaust.

These curves show that, regardless of the type of
supercharger used, for altitudes below 20,000 feet the
differences in net engine power are very small. How-
ever, as the altitude of operation increases above 20,000
feet, these differences in net engine power increase
showing the exhaust turbosupercharger to be the most

The ideal method of control is one in which the quan-
tity of air taken into the supercharger is varied, with-
out throttling, to just enough to satisfy engine require-
ments. The use of discharge valves and an intake
control to obtain this ideal method for varying the
capacity of a Roots type of supercharger is discussed
in N. A. C. A. Technical Report No. 303, Reference 7.
With a vane type of supercharger, the ideal method of
varying the capacity could be obtained by the use
alone of the intake control, because the vanes would
take the place of the discharge valves. ”

With the turbosupercharger, the method of control,
though not ideal, is nevertheless very satisfactory.
The gquantity of compressed air and the amount of
comptession is regulated by the quantity of exhaust

favorable. The Roots supercharger gives the lowest | gas passing through the turbine wheel. The super-
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charger is designed to supply enough air to satisfy
engine requirements up to some definite altitude, that
altitude at which all the exhaust gases pass through the
turbine wheel.

Such an excellent method of control is used by the
exhaust turbosupercharger that the curves shown in
Figure 4 for a series of this type, each one being
designed for one particular critical altitude, would
probably closely represent the curve msade by one
supercharger used for the entire range. If this super-
charger were designed, however, for a particular
critical altitude, such as 20,000 feet, the power curves
shown in Figure 4 would not then represent the actual
power conditions above that altitude, because the
carburetor pressures would be less than 29.92 inches
of mercury and the effect of back pressuce on power
would increase as the carburetor pressure decreased.

The method of control used on the Roots super-
charger is not so satisfactory as that used by the
exhaust turbosupercharger. The Roots type is driven
directly from the engine and is designed to maintain
ground-level pressure up to some definite altitude.
Too much air is supplied to the engine at sltitudes
below the critical altitude unless some of the air is
by-passed. A supercharger designed for a critical
altitude of 20,000 feet should by-pass at sea level about
40 per cent of the air. At low altitudes little energy
has-been expended In compressing the large amount
of by-passed air, and near the critical altitude where
the required energy is greater, only a small amount of
air is by-passed. The lower the critical altitude for
any supercharger the less air is by-passed at sea level,
and proportionally less energy is wasted, below the
critical altitude, in compressing air and then
by-passing it.

The curves in Figure 5 show the percentage of the
engine power required by & Roots supercharger of four
different capacities. These four capacities were ob-
tained by the variation of the gear ratio between the
engine and the supercharger so that sea-level pressure
would be maintained for ranges from 0 to altitudes of
7,000, 11,500, 17,000, and 22,000 feet. (Reference 6.)
The curves show that as the critical altitude is raised,
the deviation from the theoretical power curve is in-
creased. This deviation would be espected on the
Roots type owing to ifs method of control, explained
in the preceding paragraph. The experimental results
approximate more closely the theoretical values as the
critical altitude is approached, because less compressed
air is by-passed, therefore, less power is wasted. This
condition is particularly well demonstrated by the
curves of the superchargers of the lowest three capaci-
ties. 'The apparent discrepancy of the results from the
supercharger having a critical altitude of 22,000 feet
was due to the fact that the impeller clearances on the
supercharger used in the tests were too great. The
effect of large clearances is not so apparent at low alti-

tudes as at high altitudes, because the higher the alti-
tude the greater the pressure difference across the im-
pellers; the greater pressure difference causes more
air to leak back past the impellers. The same amount
of air must be supplied to the engine for & low range of
altitude, such as 0 to 6,000 feet, by each supercharger;
therefore, the supercharger of the lowest capacity
requires the least power because it would need to by-
pass the smallest amount of air. Consequently, the
percentage of the engine power required for any
altitude would increase with the capacity of the super-
charger. The curves show that the difference in the

percentage of engine power required is smell near sea

level, but is increasingly large as the eritical altitudes
sre approached. For superchargers having ecritical
eltitudes of 7,000, 11,500, 17,000, and 22,000 feet, the
percentage of the engine power required at 6,000 feet
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Ficurx 5.—Percentage of engine power required by the Roots supercharger
is 3.9,4.75, 6.10, and 8.0, respectively. A Roots super-
charger of 70 per cent over-2ll efficiency would require
2.75 per cent of the engine power at 6,000 feet. The

large difference between this theoretical value and the

results of experiment indicate thet no single super-
charger designed for a range of altitudes could approx-
imate the theoretical curves of Figure 4. Conse-
quently, the turbosupercharger appears to be even
more advantageous than the curves in Figure 4 indicate,
on account of its excellent method of control.

On the geared-centrifugal supercharger the throttling
method of control is used. The air entering the super-
charger at sea level and at low saltitudes is throttled
until just enough air is admitted to satisfy engine re-
quirements at sea level. Throttling the air at the
supercharger inlet to limit the quantity inducted makes
it necessary to compress the throttled air so that it will
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be discharged at sea-level pressures. Considering the
net engine power this method is very unsatisfactory,
because the engine power at sea level and at low alti-
tudes is greatly reduced by two factors; the loss of the
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F1GURE 6.—Horsepower required by geared centrifugal

The net engine power developed by .a 100-hocse-
power engine when equipped with geared-centrifugal
superchargers of several different capacities is shown
by the curves in Figure 7. Although a cooler of suf-
ficient capaclty to maintain, at the critical altitude, a

“carburetor air tamperature of 59° F. was. assumed to

have been ysed for each condition, there would never-
theless be considerable heating of the carburetor air
at low altitudes because of the large amount of throt~
tling. Thls increase in carburetor &ir tgmperature

with a 20 000-foot critical altitude superchurger would

reduce the engine power about 7 per cent at sea level.
The advantage of using & compressor of one or wmore
stages is illustrated by the serrate curve ABCD for a
20,000-foot eritical altitude supercharger and the ser-
rate curve ABCDEF for & 30,000-foot critical altitude
supercha.rger For the 30,000-foot supercharger al
least two stages of compressmn would be necessary,
a8 the hlgh pressure ratio could not be obtained in

~one stage, while for the 20,000-foot, the saving in

power canld be accomplished by using one stage and
increasing the rotative speed, at the higher altifudes,
by means of a gear shift between the engine and the
supercharger.

The comparative performanoe obtained with 20,000-
foot critical altitude superchargers of different types

% .

saperchargers of different oapaclties to supply alr to1100- \\ N \\ \\ 4

horsepower engine using throttling method of control \ \\ N ~—- -
power used in compressing the throttled air,and % NN NS
the loss in power due to the decreased weight ‘\ \\ AN s
of the charge caused by the high carburetor air 32 NNENAN =
temperatures resulting from the compression. . S 1IN 2 bt
Figure 6 shows the power required by geared- ..2s 3 \\ \\ - L '~alm'ud¢?—
centrifugal superchargers of six different capaci- é‘ 1 \\ AN . 30000 7.
ties to supply sufficient air to maintain sea-level S o4 N N} N 251 pog fi:
pressure on a 100-horsepower engine to critical . § \\ \\
altitudes of 5,000, 10,000, 15,000,20,000,25,000, £ 2, \ 20000 1
and 80,000 feet- The large amount of power E \ i
required at low altitudes by a geared-centrifugal % 16 N 15000 It
supercharger is & serious disadvantage. ‘This ¢ Ih )
type of supercharger compares unfavorably, in & 12 # %" o
this respect, with either the Roots or the turbo- /| 71
supercharger, because neither of these require at z
sea level more than 2 per cent of thetotal engine g |
power, nor do they heat the carburetor air. . N 1B

The curves of Figure 6 show that the results

obtained by using a geared-centrifugal super-

charger for a large range of altitudes will o
deviate considerably from the results of the

10 20— 30 40 50 60 70 80 S0 loo o
Brake horsepower

curves shown in Figure 4. This deviation Fiovre 7—Net engine power obtalned at altitudesTrom 0 to 40,000 fect when superharging s 100-

at low altitudes is so large that the use of
geared-centrifugal superchargers for high critical alti-
tudes is not justified without providing two or more
stages and some method for disengaging the super-
charger or reducing its speed at low altitudes.

horsepower engine with geared-centrifugal superchariers of slx different capaeitles

(fig. 8) indicates that-there is very little difference in
the performance above the critical altitude. Below
the critical altitude the geared centrifugal gives the
lowest net engine power because of its very inefficient-
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method of control. With superchargers of higher
critical altitude, the best performance above and below
the critical altitude would be obtained with a turbo-
centrifugal supercharger. The Roots would be the
least efficient: at the critical altitude and above the

critical altitude.

Mechanical features and limitations.—Although it is
not the purpose of this report to discuss in detail the
mechanical features of the various types of super-
chargers, a brief discussion of some of the limitations
seems quite appropriate. The analysis submitted in
this report assumed that sea-level pressure wes main-
tained at the carburetor for critical altitudes up to
40,000 feet. 'This would be a very severe condition of

40

tained in the gears when the engine is accelerated
rapidly. In order to obtain a gain in critical altitude,
the speed must be increased or the diameter of the
rotors must be enlarged. Either change increases the
force due to rapid acceleration, consequently placing
an additional load on the gears. The geared-centrif-
ugal supercharger will, therefore, probably not be used
for high altitudes until further improvements are made,
or until these compressors are designed with two or
more stages of compression.

The turbosupercharger weighs more than the geared-
centrifugal supercharger, and it can not be compactly
installed. The supercharger increases the drag of the
airplane, because the turbine must be placed in the
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Ficurg 8.—Net engine power obtained at altitude when supercharging a 100-hoarsepower engine with
different types of superchergers of 20,000-foot critical altitude

service because of high temperatures and high mechan-
ical stresses. Although the performance of the Roots
supercharger has been satisfactory for critical alti-
tudes up to 22,000 feet (Reference 4}, and the one used
by the United States Navy when establishing the
world’s altitude record had a eritical altitude above
30,000 feet, the design of a supercharger of this type
that would operate satisfactorily at 40,000 feet would
be very difficult. :

The geared-centrifugal supercharger has the ad-
vantage of low weight and compactness, and it lends
itself to a perticularly clean installation, especially on
radial engines. Gear ratios higher then 10:1 are
seldom employed on these installations, although gear
ratios as high as 13 :1 have been used. Using the
latter ratio, a spring coupling or friction clutch should
be provided to reduce the high stresses that are ob-

air stream so that sufficient cooling may be obtained to
prevent the turbine buckets and nozzles from warping.
Some time is required to bring the rotor up to speed.
For this reason an engine equipped with a turbosuper-
charger responds sluggishly to the throttle. Difficulty
has also been experienced in the warping of valves in
engines equipped with this type of supercharger, be-
cause the valves are continuslly surrounded by hot
gases. .

The vane type of compressor has been little used as
an aircraft engine supercharger, though it has the funda-
mental advantage of the centrifugal type in that it
handles large volumes of air and operates on the poly-
tropic process. It is driven directly from the crank-
shaft of the engine and can be located so that the drag
of the airplane is not increased. In a vane type of
supercharger, the continual shifting of the center of
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gravity of the rotating parts introduces inertia forces
which must be carefully considered in the design. The
fact that this difficulty has been overcome in small
machines is encouraging. It indicates that it will not
be long before vane type superchargers of sufficient
size for aircraft service can be operated at speeds of
5,000 r. p. m. and above.

The Roots supercharger has the advantage of sim-
plicity and it is equal to any of the others in reliability.
In this type of supercharger the size of the mechanijcal
clearances between the impellers and between the im-
pellers and the case is very important. These clear-
ances should be kept at the lowest practicable limit
in order to reduce the amount of air that can flow
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Exhaust depression,inches of Hg.
Figurg §.—Eflact of exhaust pressure on power at different engine
speeds. At 0 inches depression the exhaust pressure equals 29.92
inches of Hg .
back to a minimum, beca.use_.th.ls air must be recom-
pressed with]a resultant increase in temperature.
Effect of exhaust back pressure on engine power.—In-
asmuch as the exhaust back pressure affects the weight
of the charge inducted by the engine and the friction
losses of the engine, it must be considered in the deter-
mination of the engine power developed at different
altitudes, and also in the determination of the power
required by the supercharger to supply the combustion
air. An analysis of the flight test data from an investi-
gation in which a Roots type supercharger was used to
supply and to meter the carburetor air showed that
there was an increase of approximately 8 per cent in the
volumetric efficiency of a supercharged engine at
20,000 feet altitude as compared with the volumetric
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efficiency of the normsel engine at sea level. This
increase in volumetric efficiency was principally due
to the better scavenging obtained with the reduced
exbaust back pressures. Another advantage of the
reduced exhaust back pressures is the decrease in the
engine pumping losses’ on account of the engine
exhausting against a lowered pressure.

To determine the power output of a supercharged
engine at altltude, the effect of the exhaust back pres-
sure on the engine power must be kpown. This
knowledge is required regardless of the type of super-
charger used, for the ability to compute the power at
altitude with a turbosupercharger, a type that in-
herently increases the exhaust back pressure, is as
necessary as the ability to compute the power at al-
titude with & mechanically driven supercharger, a type
that produces no pressure at the exhaust.

Several investigations have been conducted to deter-
mine the variation of engine power with exhaust back
pressure. Although the results of these investigations
are not in exact agreement, they are probably as good
as may be expected considering that the many factors
involved—compression ratio, carburetor pressure, valve
timing, and manifolds—simultaneously influence the
results obtained.

The first experimental tests to determine the effect
of exhaust back pressure on engine power were con-
ducted in the altitude chamber of the Bureau of
Standards. (Reference 8.) This investigation was
conducted on a 150-horsepower Hispano-Suiza engine
of 5.3 compression ratio, and included & range of
exhaust back pressures from 29.92 inches of mercury
to 13.38 inches of mercury. The data were corrected
to & constant-intake temperature of 32° F. and to a
constant engine speed of 1,500 r. p. m. These data
show a rate of change in power at sea level of 0.G
horsepower for each inch of mercury change in exhaust
back pressure when sea-level pressure is maintained at
the carburetor. With the pressure at the carburetor
equal to the pressure al sea level, but with the ex-
haust back pressure reduced to the atmospheric
prossure at an altitude of 25,000 feet, the raie of
change in power increases fo 1.9 horsepower for each
inch of mercury change in exhaust back pressure.

An investigation recéntly conducted by the National
Advisory Committee for Aeronautics to determine the
best valve timing for supercharged engines provided a
large amount of information concerning the effect of
exhsust back pressure on engine power. (Reference 9.)
The tests were conducted on a single-cylinder Univer-
sal test engine of about 35 horsepower. TFigure 9
shows the percentage increase in power obtained in
these ‘tests with various reductions in eshaust back
pressure at engine speeds of 1,000, 1,200, 1,400, 1,600,
end 1,800 r. p. m. The plotted points indicate that
the effect of the exhaust back pressure on the engine
power is influenced almost negligibly by the engine
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As the data for these three investigations were ob-
tained on engines of different size, the results were
reduced to a percentage basis, as shown in Figure 11,

THE COMPARATIVE PERFORMANCE OF SUPERCHARGERS

speed. Figuve 10 shows how the variation in exhaust
back pressure affects the engine power at several
compression ratios. The curves represent the results
obtained, using the best valve timing for

each compression ratio. If the same valve 0 :
timing had been used for all compression
ratios the curves would not have erossed each 2% Curtfiss O —/2"\7/ /
other, and the curves for the 7.35 ratio /
would have been lowest for all pressure 7/ /
conditions. The curves show that an en- 32
gine should be of high compression ratio / ,4/
in order to give the minimum reduction Hispano-Suiza /) A
in power with increase in the exhaust back 28 1% / | nAta
pressure when operating at altitude. = /‘ / g;f;?r’ﬁ;‘
Very comprebensive tests on the effect S 24 / ’ Universal]
of exhaust back pressure on engine power 2 // // / rest |
) engine
were recently conducted by the Bureau 3 / //
of Standards on a Curtiss D-12 engine. =20 /’ 7
These tests indicate that a straight-line 3 y //
relation exists between the engine power é/s / / A
and the exhsaust back pressure, and that S /’ // //
with a carburetor pressure of 29.92 inches & 7 / //
12 V. A /
T 1] 1L LA
_Coapr‘ess:on ratio / /
14 A A
5.35—— — L g / %
N vinialn 4 v
//' - 4 //// =
1z
/17 A
0 2 < 3 8 0 12 4 6 8
/ L~ Per cent
e /AL FIGURE 11.—Percentage incresse In englne power due to reduced exhanst pressure at altitudo
§ ) A N e :
¢ / y 11 to make a comparison possible. Inasmuch as the tests
L 7 4 made by the Bureau of Standards on a Curtiss D-12
§ }/ engine were the most comprehensive of the three, and
g 7, the results seemed to represent a fair average, these
g & £y results were used to obtain the values used in Figure
i /;A / 3 of this report. These tests by the Bureau of Stand-
2 7 / ards are also in exact agreement with tests conducted B
§ B /f /i by the French (Reference 10), in which it was found
27 ",’ that the percentage increase in power at altitude with o
A / respect to power at ground is equal to 0.62 P. P is
;’ / . : the difference between intake manifold pressures and
2 exhaust manifold pressures expressed in pounds per
square inch. -
All the data that have been shown on the effect of
exbaust back pressure on engine power have been for
0 4 8 2 3 . .
Exhaust deg.ression, inches of Hg. carburetor pressures of 29.92 inches of mercury. This
FieTRE 10.—Effect of exhasist pressure on power with different com- fact must be borne in mind when the results are
pression ratfos, At 0 Incles depression the exhaust pressure equals - . .
99.92 inches of Hg applied to other problems; reducing the pressure at
of mercury a gain of 2.56 horsepower is obtained for | the carburetor decreases the total amount of power
each inch of mercury reduction in exhaust back pres- | remaining to be affected, therefore, the decrease in .
gure. In these tests the carburetor air temperature | horsepower for each inch reduction in eshaust back
was 59° F, and the engine speed 2,000 r. p. m. pressure becomes an incressingly large percentage of
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the total power. " At altitudes of 20,000 feet and ebove

one may expect conditions in which an exhaust back
pressure of 4 inches of mercury reduces the power 15
per cent as compared with a reduction of 2% per cent -
when the carburetor pressure is 29.92 inches of mercury.

CONCLUSIONS

The results of this investigation show that for alti.
tudes up to 20,000 feet, when ideal methods of control
are employed, there is very little difference in super-
chargers from the point of view of net engine power,
while for critical altitudes over 20,000 feet an engine
develops more power when equipped with an exhaust
turbosupercharger than with any other type. The
Roots supercharger, because of its less efficient type of
compression, gives the lowest engine power.

The method of control used on a geared-centnfugal
type of supercharger is very unsatmfactory from the
standpoint of net engine power when compared with
the method used on the Roots or turbocentrifugal
superchargers. A geared-centrifugal supercharger of
20,000-foot critical altitude would reduce the engine
power 20 per cent at sea level as compared with less
than 2 per cent for a Roots or turbocentrifugal super-
charger.

In regard to mechanical limitations, the geared
centrifugal has the advantage of low weight and neat
installation, the Roots type would rank next in these
points, and the exhaust- turbosupercharger would be
the least desirable.

LANGLEY MEMORIAL AERONAUTICAL LABORATORY,
NarroNaL Apvisory COMMITTEE FOR AERONAUTICS,
Laxerey Fiewp, Va., January 13, 1931,
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